The introduction of long-chain branches (LCBs) in polypropylene (PP) during the extrusion process is normally induced by peroxide chemicals which are known to lead to the formation of secondary products in the resin. Here we report a novel synthesis method to prepare LCB-PP via in situ ozonolysis during reactive extrusion in the presence of a multifunctional agent. Depending on the fast ozonation of molten PP molecules, free radicals can be generated in PP macromolecules and induce chain scission reactions during extrusion. LCB structures of PP could be formed when a multifunctional agent, trimethylolpropane triacrylate (TMPTA), was added into the PP matrix during extrusion. The effect of reaction temperature, polymer flow rate and TMPTA concentration on the LCB-PP structures is discussed. Molecular parameters of LCB-PP were detected by MALS SEC technique. Various rheological plots including elongation rheological properties were applied to distinguish the LCB structures in PP samples. Without residues and by-products of peroxide in the final polymer resin, this synthesis method of LCB-PP has highly efficient and easily adjustable merits.
Introduction
Compared to other thermoplastics, the commodity resin polypropylene (PP) has many advantageous properties, such as high tensile modulus, excellent chemical resistance, low density, low cost and easy processing. However, because of its highly linear chains and a relatively narrow molar mass distribution, PP exhibits low melt strength and weak strain hardening behavior which limits its applications in foaming, thermoforming, extrusion coating, and blow molding processes in which the type of ow is predominantly elongation ow. It has been reported that the most efficient way to enhance the melt strength of linear PP is by introducing long chain branches (LCB) to the main chains of linear PP, and even a small amount of long chain branches could have a signicant effect on the melt strength, rheological, thermal and mechanical properties. [1] [2] [3] [4] [5] LCB-PP could be synthesized by direct polymerization 6-12 which can provide more controllable architecture structures of LCB. Several studies have discussed the synthesis of LCB-PP via polymerization reactions between propylene and macromonomers or between propylene and dienes. Although this method was more controllable, it required sophisticated monomers, specialized catalysts and additional purication steps thus making scale-up processes challenging.
Two other methods to introduce LCB onto PP backbone are irradiation techniques and post-reactor chemical modications. In many reports, irradiation techniques, such as electron beam (EB) [13] [14] [15] [16] and gamma ray (g-ray) irradiation, [17] [18] [19] [20] have been chosen to modify structure and performance of PP for the production of LCB-PP with improved melt strength. 13, 14 In order to suppress the extent of chain scission, irradiation is carried out in inert environments with the aid of multi-functional monomers. Dietmar et al. 20 had compared the effects of electron-beam and gamma-irradiation on molecular structures and rheological properties of polypropylene. They found that gamma-irradiation technique led to higher degree of LCB and electron-beam irradiation induced less but probably longer LCBs with a star-like structure at smaller irradiation doses and a treelike structure at higher doses. The major drawback of this method is the presence of undesired side reactions (crosslinking and chain scission). Regardless of its challenges, the irradiation technique has been proved to be a feasible way and adopted to prepare commercial LCB-PP in the market.
LCB-PP can alternatively be synthesized by reactive extrusion of molten state PP in the presence of peroxide chemicals. [21] [22] [23] [24] During extrusion, radicals produced from peroxide chemicals abstract hydrogen atoms from PP backbone to form PP macroradicals. Due to the chemical nature of PP, it has a tendency to undergo b-scission, which competes with graing and cross-linking reaction, especially while peroxide is added in reaction system only. 25 To keep under control degradation and provide LCB with controlled and optimized macromolecular structure/architecture, it is necessary to use co-agents able to fasten react with macroradicals (inhibiting the chain breaking and providing coupling between them). [26] [27] [28] [29] [30] However, to our knowledge, solid or liquid organic peroxides were either premixed with the polymer or injected into PP matrix during melt extrusion. Peroxides reach their decomposition temperature prior to effective mixing with PP, thus causing an excessive and non-homogenous degradation in PP.
As we all know, ozone is an advanced form of oxygen. Ozone has been used as an aggressive agent to degrade rubbers and plastics by attacking main chain backbones. 31, 32 Furthermore, ozone has been used to induce polar groups on the polymer surface through oxidation or graing reactions. [33] [34] [35] [36] [37] Previously, we used ozone to initiate molecular breakdown and oxidization of PP macromolecules with highly efficiency during extrusion process. 38 In this work, the production of LCB-PP via in situ ozonolysis during reactive extrusion process in the presence of multi-functional monomers (trimethylolpropane triacrylate, TMPTA) is reported. The introduction of ozone gas as initiator into molten PP extrusion process can initiate macroradicals at the gas/melt interface. TMPTA serve as linkages between two or more PP radicals leading to the formation of branched structures. Excessive ozone owed into ozone destructor and decomposed. Neither byproducts nor residual peroxide was le in PP matrix. Conditions of this synthesis process such as polymer ow rate, reaction temperature and TMPTA concentration is discussed.
Materials and methods

Materials
A commercial polypropylene homopolymer (PP T30s) from Maoming Petrochemical Corporation was used in this study, which has a melt ow index of 3.5 g/10 min (230 C, 2.16 kg). Ozone was generated electrochemically using dry air by an ozone generator (OZ-3G) from Guangzhou Chuanghuan Ozone Electric Appliance Co., Ltd. Trimethylolpropane triacrylate (TMPTA) containing 600 ppm monomethyl ether hydroquinone as inhibitor was purchased from Sigma-Aldrich Company.
Sample preparation
A co-rotating twin-screw extruder TSE 25/40 with L/D ¼ 40/1 (eight heating zones) from the Brabender® GmbH & Co. KG was employed in this experiment. The same screw conguration and ozone generator had previously been used for production of controlled rheology PP in our last report. 38 A le-handed screw element was set just before the reaction zone for PP melt pressure building-up and uniformity improvement. It was proved to be effective for ozone to induce PP degradation reaction. Ozone is produced from oxygen as a direct result of electrical discharge. The required amount of TMPTA was rst dissolved in acetone before mixing with the PP pellets. Then PP pellets were fed at the rst barrel zone and heated to molten state through the extruder.
Ozone owed into the seventh barrel zone where PP was completely melted. The actual length of the ozone reaction zone is about 50 mm. The ozone concentration used throughout this experiment was kept at 6 mg L À1 and the ow rate was 3 L min À1 .
Experiments were carried out by three different temperatures (190 C, 210 C and 230 C) for reaction zone and three different polymer throughput (7.3 g min À1 , 17.3 g min À1 , 26.8 g min À1 ), respectively. Four different TMPTA concentrations (0, 0.4, 0.6, 0.8 wt%) were chosen in this experiment. PP samples were identied as PP with a number corresponding to the TMPTA content. For example, PP-T0 was the samples with 0 wt% TMPTA and PP-T8 was the samples with 0.8 wt% TMPTA.
Characterization
Melt ow index (MFI) of PP extrudates was measured using a MP993a melt indexer (Tinius Olsen Testing Machine Co. Inc), according to ASTM Standard 1238 at 230 C/2.16 kg.
FT-IR spectra of PP extrudates were obtained using a Fouriertransform infrared spectrometer (Nicolet Company, Model Nexus 670). Prior to pursuing FT-IR analysis, about 1 g sample of PP extrudates was dissolved into reuxing xylene (250 ml) and then precipitated into a large excess of acetone. The polymer was then washed with acetone for three times and dried under vacuum at 100 C overnight. In this way, the cleaned polymers were rid of unreacted and homopolymerized TMPTA which are soluble in acetone. The puried samples were hot-pressed into lms which are ready to analyze with the FT-IR spectrometer.
Molecular data was measured by high-temperature sizeexclusive chromatography (SEC) coupled with a multiangle laser light scattering (MALLS) detector, a differential refractive index (RI) detector and a capillary viscometer detector (CV). The SEC experiments were carried out using the apparatus PL-GPC 220 (Polymer Laboratories) at 150 C. The columns set were 3 Â PLgel 10 mm MIXED-B LS 300 Â 7.5 mm. The eluent solvent was TCB (1,2,4-trichlorobenzene) stabilized with 0.0125% BHT. The solvent was injected to the system and the elution ow rate was xed at 1.0 ml min À1 .
Physica MCR302 rheometer from Anton Paar equipped with a CTD620 convection oven was used to measure the dynamic rheological behaviour of PP samples. Samples obtained from the extruder were compression-molded at 200 C for 6 min, and disk-shaped specimens with a thickness of 1 mm and a diameter of 25 mm were prepared. The measurements of the dynamic rheological properties were performed with a parallelplate xture (diameter ¼ 25 mm), with a gap distance of 1 mm, and the strain was kept at 2% to ensure linear viscoelastic response. The frequency range was 0.0628-628 rad s À1 , and the temperature was 200 C. Tests were run under nitrogen purge at a ow rate of 5 ml min À1 .
Elongational rheology was taken on a Physica MCR302 rheometer from Anton Paar at 190 C. The sample sheets were cut into pieces with a width of 10 mm and a length of 17 mm for the measurements. The elongational rate was 0.05, 0.1, 0.3 and 0.5 s À1 respectively. Before each measurement, a pre-stretch for 9 s was performed to ensure that no slipping occurred between the sample and the xture.
The amount of the insoluble portion (macrogel) in the samples was determined by Soxhlet extraction in reuxing xylene for 24 hours. TMPTA copolymers were removed via acetone. Under the experimental conditions used, the modied PPs are gel-free.
Results and discussions
As discussed previously in literature, ozone is prone to attack amorphous polypropylene to cause main chain break through a radical mechanism. 30, 35 In this work, PP extruded at molten state had more amorphous molecules than solid PP. The b-chain scission of PP molecules occurred with formation of an olen end group at one chain end. If TMPTA were added, PP macroradicals were expected to form long-chain branches and suppress the degradation reaction. The chemical reaction mechanism of the reactive extrusion process might be as shown in Fig. 1 . Although acrylate polymers are also prone to betascission, the proposed mechanisms below are supposed to be the major reactions. [47] [48] [49] The absolute molar mass of long-chain branched polymers can be determined simultaneously by SEC-MALS which combines of size-exclusion chromatography (SEC) with multiangle light scattering (MALS) techniques. The parameters of average molar mass and molar mass distributions are given in Table 1 . Fig. 2 shows the MWD curves of these samples. Compared to the original PP sample, the molar masses of PP-T0 sample decreased. The dispersity factor M m /M n (mass average molar mass to number average molar mass) is reduced from 3.02 (original PP) to 2.51 (PP-T0). This fact leads to the conclusion that the chain scission process is predominant for this ozone induced reaction. With addition of TMPTA into this ozone-induced reactive extrusion, a recovery in average molar mass (M m and M n in Table 1 ) and molar mass distribution of PP was observed (2.87 for PP-T8). These results indicated a change from degradation reaction to the competitive branching reaction.
The dependence of the root-mean-square radius of gyration on the molar mass for the original PP and modied samples with TMPTA was shown in Fig. 3 . Based on the fact that branched polymer chains in solution are denser and have lower root-mean-square radius of gyration than linear chains of the same molecular weight, these plots could provide information about LCB distributions. The slope of 0.59 determined for linear PP was found to be higher than the theoretical value of 0.5 for theta solution since the temperature and solvent used for the experiments did not provide theta conditions. The two plots of original PP and PP-T0 were very close to the line and deviated a little in high molecular weight region due to experimental error. In high molecular weight region, the negative deviation of the slope from linear behavior in modied PP plots appeared.
More LCBs formed on PP chains, more obvious deviation could be seen. This proved that LCB structures were formed on PP molecules during this process with aid of TMPTA. The number of LCB per 1000 monomers (long chain branch density, LCBD) based on Zimm-Stockmayer parameters was also listed in Table  1 , in which we could see the LCBD of branched PP samples increased with the concentration of TMPTA. MFI is inversely related to viscosity and most of the MFI conditions are at much lower shear than those prevailing in commercial processing. Low molecular weight fractions and long chain branching fractions of PP can apparently inuence the ow properties. The MFI of original PP and extruded PPs with different TMPTA concentrations were also listed in Table 1 . MFI of PP-T0 is higher than that of the original PP (3.5 g/10 min), proving a degradation reaction of PP induced by ozone. However, MFI decreases rapidly with increasing TMPTA concentration in PP matrix, which indicates the main chain scission might be suppressed and a recovery in molar mass of PP molecules was observed. When TMPTA concentration was excess 0.6% wt, MFI of modied PP remained relatively constant.
The IR spectra of all samples were shown in Fig. 4 . Compared with the FTIR spectrum of PP-T0, new absorption band at about 1734 cm À1 appeared in the spectrum of PP samples with TMPTA addition, which is attributed to the stretching vibration of the carboxyl group of ester in the TMPTA molecule. These results indicate that TMPTA has been graed onto the PP backbone by this ozonolysis process during the reactive extrusion. In addition, the intensity of the bands at 1734 cm À1 increases with TMPTA concentration, suggesting that more TMPTA molecules were graed onto PP backbones and would favor macroradicals recombination.
Linear viscoelastic measurement has been proved to be a reliable method for verication of existence of LCB on polymeric chains. The presence of very low amounts of LCB can change the zero-shear viscosity (h 0 ) and the degree of shear thinning, as compared to the linear polymers with similar molecular weight. 39, 40 The complex viscosity curves of the modied PPs with different TMPTA concentration as a function of angular frequency are shown in Fig. 5 . Zero shear viscosity h 0 of PP samples could be obtained by quanticationally tting the melt complex viscosity with the Carreau-Yasuda model described below:
where l is the characteristic relaxation time, m and n are exponents. The evaluated data from this tting equation were listed in Table 1 .
For ozone-degraded PP sample, we could see that the complex viscosities decreased over the entire frequency range compared with the original PP. The transition zone from Newtonian-plateau to shear-thinning regime shied to higher frequency, and Newtonian-zone was broader than original PP samples. At low frequency, the zero-shear viscosity of original PP is 2583 Pa s and it reached a lower value of 1118 Pa s for the ozone-degraded PP-T0 sample. For samples with addition of TMPTA, the zero-shear viscosity had an obvious increase with the concentration of TMPTA increasing in PP matrix. The zeroshear viscosity of PP-T4, PP-T6 and PP-T8 exceeded the original PP because a large number of LCBs were formed on the backbone of PP and the chain scission reaction was suppressed. Furthermore, the transition from Newtonian-plateau to shear-thinning regime is shied to lower frequency. A broader transition zone between the Newtonian behavior and the powerlaw region is observed for the branched polypropylenes, which is typical of long-chain branched polymers. 41 In addition, chain relaxation is the main parameter governing this melt property. The evaluated characteristic relaxation time (l) increased with the chain branching level from 0.006 s for PP-T0 to 0.019 s for PP-T8 (Table 1) because of the existence of long chain branching structure.
Besides zero-shear viscosity, the storage modulus and the loss angle are even more sensitive to LCB. 42, 43 In the terminal zone, where only the longest relaxation times contribute to the viscoelastic behavior, G 0 and G 00 of linear polymers follow the well-known frequency dependence, i.e., G 0 fu 2 and G 00 fu. In Fig. 6 , we can see that original PP and PP-T0 exhibited the typical terminal behavior of linear polymers. With the addition of TMPTA, the G 0 value of LCB-PPs at low frequency (terminal zone) increased gradually and the relation of G 0 fu 2 deviated from the terminal behavior. The terminal slope of G 0 decreased from 1.51 of PP-T0 to 0.85 of PP-T8 (Table 1) . A second elastic plateau of G 0 for LCB-PPs appears in responding to an increase of the terminal relaxation time, which can be ascribed to the long chain branches formed from this ozone-induced reactive extrusion.
The effect of reaction temperature and polymer throughput on the complex viscosity curves of LCB-PPs are shown in Fig. 7  and 8 . The complex viscosity of LCB-PPs decreased with the reaction temperature increased and polymer throughput reduced, indicating that the degradation prevail over branching reactions in high reaction temperature and low polymer throughput. It is reasonably explained that high reaction temperature will induce more b-scission, and lower throughput will lead to relatively longer degradation time and thinner melt stream in extruder which are in favor of chain scission reaction.
The non-terminal behavior of LCB-PPs can also be illustrated in Cole-Cole plots (h 00 À h 0 , Fig. 9 ), showing the imaginary part h 00 of complex viscosity as a function of the real part h 0 for the extruded PPs with different TMPTA concentrations. The differences of these samples are even more evident. For the PP-T0, the Cole-Cole plots were close to a semicircle which was a typical linear molecular structure. For other PP samples with addition of TMPTA, the Cole-Cole plots were higher than the PP-T0 and showed more evident upturning when the amount of TMPTA was higher than 0.8 wt%. Similar results were also reported elsewhere. [44] [45] [46] Uniaxial elongation ow experiments at different elongational rates were performed on the modied PP series. The elongation viscosities were presented in Fig. 10 at various constant Hencky strain rates. The Hencky strain, also called logarithmic strain, is a favored measure of strain due to its remarkable properties at large deformations. As expected, no strain hardening was found for the PP-T0 sample within the experimental accuracy. In contrast, apparent strain hardening deviations were shown for samples with higher TMPTA concentrations.
In this work, the linear chain of original PP can break through b-scission reaction due to the attack of ozone. In the presence of TMPTA, these newly formed fragments recombine to form linear or long chain branching molecules. Therefore, the product of modied PP with TMPTA in this experiment would be a mixture of linear molecules and branched molecules. These two different molecular structures show different relaxation mechanisms. To illustrate this point, the continuous relaxation spectrum of all samples were calculated ( Fig. 11 ) Fig. 7 The effect of reaction temperature on the complex viscosity of LCB-PP with TMPTA (polymer throughput 26.8 g min À1 , TMPTA concentration 0.4% wt, reactive temperature 190 C, 210 C, 230 C, respectively). from the dynamic modulus. 50, 51 As seen in Fig. 11 , the shorttime peak in the spectrum of degraded PP sample is due to the reptation of the linear chains. However, besides the linear one, an additional longer characteristic relaxation time appeared in LCB-PP relaxation spectra which are a cumulative effect of the relaxations of molecules with various branching chains structures. In addition, more broadening relaxation spectrum can be seen in the PP sample with more amount of TMPTA in the reaction. This result is in agreement with previous works by Tian et al. who obtained LCB-PP using PETA as the co-agent. 52 
Conclusions
We report a novel synthesis method for the production of LCB-PP via in situ ozonolysis during reactive extrusion process in the presence of co-agent trimethylolpropane triacrylate (TMPTA). Ozonation of molten PP molecules could produce free radicals efficiently so as to induce chain scission reactions of PP during extrusion. LCB structures in PP molecules could be formed when TMTPA was added. The amount of LCB produced by this method has an increase trend with more TMPTA concentrations. Long-chain branching PP showed a signicant inuence on the viscoelastic properties of the melts. Compared to the original polypropylene, a signicant increase of the zero shear viscosities of the LCB-PP samples was observed. The onset of the shear thinning region started at lower frequency and the Newtonian behavior disappeared gradually with the increase of TMPTA concentration. The LCB-PP samples showed a distinct strain hardening behavior in elongational ow with changing strain rate dependence. The continuous weight relaxation spectrum showed an additional longer relaxation time in LCB-PP spectrum, which indicated that the product was a mixture of linear molecules and branched molecules.
